We investigate whether radio-quiet quasars (RQQs) with z < 0.3 (and predominantly of low luminosity) are located preferentially in specific regions with respect to the centres and boundaries of neighbouring galaxy clusters. This way of characterizing the environment of RQQs differs from previous studies, which relied on the galaxy excess statistics within small radii around the quasars. For the detection of galaxy clusters we use a robust, semiparametric method based on a maximum likelihood estimate applied to Voronoi tessellation and enhanced by a colour-cut approach, allowing boundary determination and redshift estimates. We find that most of the RQQs reside within 3 h −1 Mpc of the centre of a galaxy cluster with comparable redshift and that none of them lies in the core itself. About 20 per cent of the investigated quasars reside between two galaxy clusters, which are possibly at an early stage of merger. Consequently, we suggest that quasars found in rich environments are associated with cluster mergers whereas those found in poorer environments are associated with infall towards a cluster. The information on larger scales provided by our analysis thus allows a clearer interpretation of the diverse environments that have for many years been reported in the literature for smaller scales. We discuss our findings in the context of existing quasar formation models and suggest that at least two formation mechanisms coexist. Additionally, we confirm, using multiple data sets, that low-redshift quasars follow a narrow channel of width ∼10 h −1 Mpc around the large-scale structure (LSS) traced by galaxy clusters, in agreement with the first report of this effect by Söchting, Clowes & Campusano. Such a result, if it applies to quasars at higher redshifts, has the potential to explain the clustering of quasars on scales <10 h −1
tidal H I disruptions, indicating past galactic encounters or mergers (Lim & Ho 1999) .
Investigations of galaxy counts or the quasar-galaxy covariance function within small radii (usually < 1 h −1 Mpc) around quasars indicate that RQQs and RLQs can be associated with structures ranging from poor groups to rich clusters of galaxies (Crampton, Cowley & Hartwick 1989; Saxton, Hall & Turner 1999; Wold et al. 2001; Hutchings et al. 1999; Teplitz, McLean & Malkan 1999; Sánchez & Gomzáles-Serrano 1999) . Although some authors have found in the past that RLQs are found in richer surroundings than RQQs (Yee & Green 1987; Ellingson, Yee & Green 1991) , more recent studies find a similar range of environments (McLure & Dunlop 2001) .
On the scales of superclusters (∼60 h −1 Mpc) low-redshift RQQs follow the LSS traced by galaxy clusters (Söchting, Clowes & Campusano 2002 ), but they avoid the central density peaks of the clusters (e.g. Robertson 1983; Yee 1992; Söchting et al. 2002) . Söchting, Clowes & Campusano (2001) have suggested that RQQs found in the richest environments are actually between two merging clusters, and the others tend to occupy the peripheries of clusters. These results motivated us to investigate the relative probability of quasar formation as a function of environment. While the richness measures based solely on galaxy counts provide a fast means of tabulating and comparing results within large data sets, they do not allow any consideration of the morphology of the distribution. In contrast to the existing studies we aim to determine what physical structures in the galaxy distribution are associated with quasars. The results presented in this paper have been obtained from the analysis of a large sample of low-redshift (z < 0.3), low-luminosity quasars (including Seyferts), based on semiparametric and fully automated methods, which provide statistically consistent and physically significant results and which exclude any subjective bias.
In the next section we describe the selection of the quasar sample and the data used to investigate the associated galaxy distribution. In Section 3 we provide a detailed account of the cluster detection method we have developed for this project and we summarize the procedure used to delineate the LSS. The properties of the cluster sample are described in Section 4. Section 5 contains the results of our investigation into how quasars trace the LSS and whether narrow emission-line galaxies (NELGs) follow a similar pattern. The relation of quasars to neighbouring galaxy clusters is investigated in Section 6. The discussion and conclusions concentrate on the constraints our results put on the existing quasar formation models, and are contained in Section 7. We have adopted the Einstein-de Sitter cosmological model with H 0 = 100 h km s −1 Mpc −1 and h = 0.7.
DATA
The goals of our investigation demand sampling of the galaxy distribution at least on the scale of superclusters, which requires very wide coverage at low redshift (60 h −1 Mpc or ∼6
• at z = 0.3) or very high depth with medium coverage at intermediate redshifts (V ∼ 25 and ∼2 • at z ∼ 0.6). Currently, only the low redshifts are accessible from public wide-field multicolour imaging surveys, e.g. the United Kingdom Schmidt Telescope (UKST) and the Palomar Observatory Sky Survey (POSS). The selection of the appropriate quasar sample proved to be a difficult task, because most surveys contain only a few low-z quasars.
We have selected four fields with areas ranging from ∼27 to ∼56 deg 2 (see Table 1 for details), and overall containing 60 quasars and Seyferts (S1, S2) spanning the redshift range 0.1 < z < 0.3 and luminosity −19.5 M V −24.5 (Fig. 1) . All of these objects have Objects for the determination of the density distribution have been drawn from the SuperCosmos Sky Survey (SSS; Hambly et al. 2001) . To reduce differences between the fields caused by the varying depth of the data, the limiting magnitude of the poorest plates has been imposed (21.00 and 22.65 mag in R and B J , respectively) on all fields.
Star-galaxy separation is very unreliable beyond B J = 20.5 mag (Hambly et al. 2001) . To ensure that the population of faint cluster galaxies will be included in the data, we have removed only objects classified as stars which are brighter than B J = 20.0 mag. The remaining star contamination is assumed to form a uniform background (Söchting et al. 2002) . The removal of the brighter stars is very important, because they could lead to large errors in the cluster redshift estimates if included in a cluster colour-magnitude diagram.
C L U S T E R D E T E C T I O N M E T H O D
We are interested in the exact position of quasars with respect to the cores of galaxy clusters -meaning the regions overpopulated by elliptical galaxies -and we want to resolve the subclusters if present. For these reasons, we need to preserve the morphological information when sampling the density distribution. Söchting et al. (2002) proposed Voronoi tessellation (VT) applied to colour slices for a similar application. We have enhanced our original method by introducing a maximum likelihood estimator (MLE) to better delineate the boundaries of the clusters. Allard & Fraley (1997) have described a non-parametric MLE using VT, which we have adapted for galaxy cluster detection.
VT provides a partition of a point pattern according to its spatial structure (see Fig. 2 ). The areas of the Voronoi cells can be used directly to determine the density distribution because D i = A −1 i , where D i and A i are respectively the density and the area of a cell corresponding to an object i. VT provides a non-parametric method of sampling of the underlying density distribution, which has been successfully used for finding galaxy clusters (Ramella et al. 2001; Kim et al. 2002; Söchting et al. 2001 Söchting et al. , 2002 . Sampling of the density distribution is just the first step in a cluster detection procedure, followed by location of the density peaks that fulfil the criteria for a galaxy cluster (e.g. minimum number of member galaxies, colour or luminosity distribution). The simplest approach is to select objects with a certain contrast σ above the background. The contrast is defined as
making it most convenient to express the threshold contrast in terms of the mean background densityδ b . We should remember that using Voronoi cells
In the case of clusters with high contrast above the background, this approach produces very good results, and until now has been used in all VT-based procedures. The choice of the appropriate threshold brings a dilemma. With increasing threshold, the detection rate of the real clusters is declining, but also the relative number of spurious clusters detected is dropping. Moreover, in the outer regions of the clusters, where the number density is gradually dropping, the detection of the member galaxies is strongly dependent on the assumed threshold. Thresholding also introduces a bias towards clusters in regions of enhanced background, because it is not locally adaptive.
Most of these problems are overcome by introducing a MLE of the cluster galaxies. The MLE can be constructed by assuming the case of galaxies in a galaxy cluster as superimposed on 'noise' galaxies (i.e. foreground and background galaxies) producing a mixture of two random samples: (i) corresponding to the cluster and characterized by the probability p (the mixture parameter) and a support (area occupied by the cluster) A ⊂ K , where K is the overall area of investigation; and (ii) corresponding to the background (plus foreground) with complementary probability 1 − p and support K. The mathematical framework presented below has been proposed by Allard & Fraley (1997) .
The density associated with a point x ∈ K is
where 1 A = 1 if x ∈ A and 1 A = 0 otherwise, and |A| denotes the Lebesgue measure of A -normalized area in the two-dimensional case of the projected galaxy distribution with |A| = physical area (A)/physical area (K). The data-based likelihood of a sample of galaxies to be a cluster is
where N A is the number of objects in A and n is the number of objects in K. Because the mixture parameter p and A are not known, the above have to be reduced to a partial maximized (profile) likelihood. For a fixed A, the MLE of p iŝ
and the partial maximized likelihood becomes
and expressed as log-likelihood
A is constructed from Voronoi cells ensuring that any constraints are defined by the data points themselves. The practical implementation of this method will be described in detail later in this section.
The disadvantage of the likelihood approach is its computing intensity. Without a pre-selection of possible cluster candidates this method would not be attractive at present because it loses all the speed advantages of the basic VT.
To accelerate the procedure, we have constructed a hybrid method, which uses thresholding in the preliminary step and MLE in the main process to reduce false detections and to improve the detection of the member galaxies in the outer regions of the clusters. The application of the MLE allows us to choose a rather low threshold, ensuring that the poor clusters in the regions of lower background density will be included. Too low a threshold, however, may result in the selection of only very few cluster candidates, because large areas corresponding to high background density and/or rich clusters will merge interconnecting real and spurious clusters and thus provide misleading input for the MLE algorithm. To remain consistent with the notation of the likelihood function, which has been defined in terms of the area of the Voronoi cells, we want to express the contrast of a cluster above background in terms of the area. If the density of the cluster galaxies is δ cl and that of the background galaxiesδ b than the contrast is
Then, because A/K = |A|, the contrast of a cluster is
Assuming that the overall number of objects in the sample is very high compared with the number of cluster members, the size of an average Voronoi cell in a cluster is approximately We need to remember that the cells in the cluster centre will usually be smaller due to higher central density and larger on the outskirts of the cluster where the density will be lower. The fluctuations of the background will introduce further uncertainties. We define the threshold as the lowest acceptable contrast and use it to calculate the maximum size of Voronoi cells to be selected as candidate cluster cells. For example, a threshold of 2.0 means that all cells satisfying
We have tested the lower range of the thresholds to find the lowest acceptable one which would achieve, in combination with the MLE, a very high detection rate with a low number of false detections. In the test, a synthetic set of 100 clusters was constructed, with a wide range of morphologies, expressed through rectangles with sides of varying ratios and different normal distributions in the x-and ydirection. The rectangles are of fixed area so that the mean density is constant for all clusters. Fig. 3 illustrates an example of 25 synthetic clusters with mean contrasts σ = 6 above the background.
The detection rate of these synthetic clusters and the relative contamination by spurious clusters have been investigated in the presence of a randomly distributed background. The performance of the hybrid-VT method with different thresholds has been compared by gradually increasing the background, to reduce the mean contrasts of the clusters from 16 to 4. Fig. 4 illustrates the performance of six thresholds (1.5, 1.7, 1.9, 2.1, 2.3 and 2.5) in a wide range of mean contrasts of the clusters over the background.
The best performance has been achieved by thresholds of 1.9 and 2.1 providing a detection rate of the synthetic clusters close to 1.0 with contamination by spurious clusters less than 30 per cent of the overall number of clusters detected. The detected boundaries of the clusters as compared to the original boundaries of the synthetic clusters are shown in Fig. 5 for the thresholds of 1.9 and 2.1 for clusters with mean contrasts σ = 6. We have selected the threshold of 2.0 for our application.
The use of colour slices has been proposed and tested by Gladders & Yee (2000) . Selecting galaxies in colour slices in the colourmagnitude diagram increases the density contrast of any grouping of early-type galaxies, which are normally found in clusters or groups. A colour slice in the colour-magnitude plane provides separation in redshift space via the red sequence of early-type galaxies in clusters (Gladders & Yee 2000 , and references inside), thus reducing considerably the projection effects.
The redshift range 0 < z < 0.4 corresponds to a B J -R colour space in the range 1.4 < B J -R < 2.5 using the E+S0 galaxy colours derived by Fukugita, Shimasaku & Ichikawa (1995) . The limit in the redshift space for this pair of filters is z ∼ 0.4, because the colours for higher-redshift ellipticals start to drop for z > 0.6, reaching B J -R ∼ 2.5 again at z ∼ 0.8. Such high-redshift clusters are in any case beyond the magnitude limit of our data. Using the colours for the known clusters and the model predictions (Kodama et al. 1998 ) the initial estimate of the gradient of the slices in the colour-magnitude plane has been adopted as −0.05. The width of the slices is mainly dictated by the uncertainties in the photometric calibration and is empirically set to be (B J -R) = 0.2 mag. The colour slices are overlapping in steps of 0.1 mag.
The procedure has been separated into two stages. In the first stage, we use thresholding of the Voronoi cells in colour slices giving us a set of cluster candidates with their preliminary members. Cluster candidates detected in different colour slices sharing three or more members are considered to be one cluster candidate (a derivative of the friend-of-friend algorithm). The colours and magnitudes of the preliminary members allow us to derive empirically the slopes and zero-points of the cluster red sequence in the B J -R/R plane for every cluster candidate. In the second stage, for every cluster candidate the MLE algorithm is applied in a colour-magnitude slice described by width m = 0.2 mag and the slope and the zero-point determined in the first stage. The algorithm starts with the smallest cell of the preliminary members and includes all the adjacent cells which increase the likelihood. The procedure is repeated for their neighbouring cells until there are no adjacent cells to already selected ones which would further increase the likelihood. The galaxies found in the second stage to be cluster members are used to determine the final slope and the zero-point of the cluster red sequence, which are then used in redshift estimation. The boundary of the cluster is defined as the smallest convex-hull enclosing entirely the union of the Voronoi cells of the member objects. Only clusters with at least seven members are considered as real galaxy clusters and build the final sample. This minimum number of member galaxies has been set to separate poor groups from clusters. The process is entirely automated, excluding any subjectivity in the selection of clusters.
The colour-magnitude relation applies to the elliptical galaxies which are known to form the cores of the clusters. Strongly nonvirialized clusters, such as Virgo, consisting of multiple subclusters, may be considered as associations of multiple separated cores.
There will be cluster members outside the 0.2-mag colour slice, especially towards the faint end of the magnitude axis. The technique described above should be considered as conservative, aiming to maximally reduce the number of false detections but at the expense of missing some of the population of the cluster galaxies. This has been dictated by the fact that a few false detections can strongly influence the reconstruction of the LSS.
C L U S T E R S A M P L E
The application of the above procedure to the ∼150 deg 2 overall area of investigation produced a sample of 1021 galaxy clusters with estimated redshifts in the range 0.05 z 0.45. The resulting density is 6.8 clusters deg −2 with z = 0.26. The colour discrimination should make our sample mostly free of projection effects. As mentioned in the previous section, clusters with prominent substructure produce multiple detections with each subcluster being detected as a separate cluster with its own red sequence. This feature is very important for the purpose of investigating quasar environments, because we can study quasar formation at the confluence of cluster/subcluster mergers. We estimate that about 30 per cent of the clusters found in this study are actually subclusters. The cluster statistics for the four fields of the investigation are given in Table 2 .
Reference to the VizieR catalogue tool indicated that our areas contain 18 published galaxy clusters with spectroscopic redshifts. All of these have counterparts in our sample, allowing calibration into redshifts of the zero-points of the cluster red sequences. The number of calibration points per field is too low to determine the calibration field by field, but, because the SSS is colour-corrected, we have been able to construct a global calibration by combining the calibration points from all four fields. The polynomial fitted calibration curve (Fig. 6) follows the equation
where C z is the zero-point of the cluster red-sequence at R = 17. The uncertainty in the colour is δ(B J -R) = 0.16 mag (Hambly et al. 2001) , which corresponds to an uncertainty in redshift of ∼± 0.05 at z = 0.20. There is a very large scatter in the colour-redshift relation at the lowest redshifts (z < 0.1); see Fig. 7 . Because no quasars in our sample have redshifts lower than z = 0.13, we have excluded the lowest redshifts from our considerations and constructed a calibration starting at z > 0.1.
In our case the richness of the clusters is expressed by the number of red galaxies comprising the red sequence of the cluster. The richness distribution of the cluster sample (Fig. 8) indicates that most of the clusters have about 15 member galaxies. We should emphasize that only galaxies within 0.1 mag of the cluster red sequence have been considered, which usually excludes bluer spirals. The true richness of the clusters will therefore increase with increasing content of blue galaxies. A subsample of rich clusters, with at least 20 members, has been created to be used for the reconstruction of the LSS, as described in the next section. Assuming an average fraction of blue galaxies of ∼(2/3), this subsample corresponds to Abell class 0 galaxy clusters. Söchting et al. (2002) have shown that low-redshift quasars trace the same LSSs as the galaxy clusters. This result was derived from an investigation of a single redshift slice (z = 0.25 ± 0.05) in only one area of sky. The null hypothesis that the seven quasars were distributed independently of the LSS in clusters was rejected at a level of significance of 0.009. Here we further test this result using a larger set of quasars from the four fields (Table 1) , and with the enhancement of the MLE in our technique. In the four fields, the quasars have been separated into usable sets under two constraints: (i) the occupied redshift slice must not be wider than 0.1 ( z < 0.1), to minimize projection effects; (ii) every usable set is required to have at least five members to avoid large errors. Using histograms of the redshift distribution (Fig. 9) , Figure 5 . The detected boundaries of the clusters (black polygons) compared with the original boundaries of the synthetic clusters (grey rectangles) for the thresholds of 1.9 (top) and 2.1 (bottom) and a mean cluster contrast of 6. six quasar sets totalling 51 objects have been selected, spanning, overall, the redshift range 0.13 < z < 0.3. Table 3 contains the details for all the sets. The redshift range of the cluster sample has been selected to be always δ z = 0.04 wider than the redshift range of the quasar sample to accommodate some of the redshift uncertainty while avoiding too large a range, which would introduce stronger projection effects.
T H E L A R G E -S C A L E E N V I RO N M E N T O F Q UA S A R S
The LSS is reconstructed using the rich galaxy clusters. The problem of connecting discrete objects into a continuous structure can be approached using another graph theoretical method, the minimal spanning tree (MST). This method has been successfully tested for finding large quasar groups (LQGs) in quasar samples (Graham 1997) . The MST is a geometric construct, originating in graph theory, which was introduced by Kruskal (1956) and Prim (1957) .
In our case the nodes of the MST are the galaxy clusters. For the purpose of this study we constructed two-dimensional MSTs. We did not attempt to separate the MSTs to recover the galaxy Figure 6 . The calibration of the zero-points (defined at R = 17) into redshifts, using positionally matched published clusters found by the VizieR catalogue tool.
superclusters, but preserved the continuous LSS. As Fig. 10 shows, the quasars populate the region delineated by the MST as the LSS. To test the statistical significance of this result we resampled the quasar distribution using a Monte Carlo method. As a measure of how close the quasars follow the LSS, we have used the sum of the distances between quasars and their closest MST vectors n i=1 r i . The results of 100 000 simulations are shown in Table 3 . The test rejects the null hypothesis that the quasars are distributed independently of the LSS in clusters at a level of significance ranging from 0.074 for set number 4 to 0.003 for set number 5. Set number 4 has only five quasars, which is probably responsible for its apparently discrepant significance.
In some cases the quasar phenomenon has been linked with strong star formation (Evrard 1991) . We could argue that, if both phenomena are environmentally connected, then quasars and star-forming galaxies may be expected to trace the LSS in a similar manner. The NELGs are usually assumed to be a mixture of low-luminosity active galactic nuclei (AGN) and starburst galaxies (Pearson et al. 1997) . We have tested if the NELGs are such strong tracers of the LSS in galaxy clusters as quasars. Two fields of our study are contained within the 2dF Quasar Survey (Croom et al. 2001a ) providing a well-defined sample of NELGs. Three sets of NELGs have been selected to cover the same areas and redshift ranges as the quasar sets in these two fields (Table 3) . Applying the above analysis to NELGs, we find that they are distributed at random with respect to the LSS, and appear to be unrelated to the quasars. From Fig. 10 , some of the NELGs, nevertheless, inhabit very similar environments to those of the quasars and are even found in their vicinity.
T H E S M A L L -S C A L E E N V I RO N M E N T O F Q UA S A R S
The origin of the large variations in the richness of the environments of quasars has been investigated by studying the distribution of galaxy clusters within 5 h −1 Mpc radius at comparable redshift. The uncertainty in the cluster redshifts of δz ∼ 0.05 means that a cluster redshift is considered as comparable to that of the quasar if it is within a redshift slice of width z = 0.1. We chose the projected distance from the quasar to the centre of the neighbouring cluster as a parameter to measure their connectivity, where the centre of a cluster is defined as the mean position of its members. In clusters that comprise multiple subclusters, every subcluster is treated as a separate entity with respect to the quasars.
In the investigated sample of 60 quasars, most of the quasars (28 objects, ∼47 per cent) reside within a projected distance of 1-3 h −1
Mpc from the cluster centre -on the peripheries of the clusters (see Fig. 11 for examples) . Galaxy clusters are known to have radii from ∼0.6 to ∼2.5 h −1 Mpc (Girardi et al. 2000) , suggesting that all of these quasars may indeed be associated with the adjacent clusters.
10 quasars (∼17 per cent) have been found to reside within 1 h −1
Mpc projected radius from a galaxy cluster centre (we refer later to these objects as residing in galaxy clusters), but none of them occupies the centre of the regions marked by the red galaxies forming the cluster red sequence. This result shows that even quasars inside a galaxy cluster are not located in its core but rather lie towards the cluster boundaries. Fig. 12 shows the relative position of the quasar having the smallest angular separation from the cluster centre and of the elliptical population marking the cluster core. The quasar redshift is z = 0.299 and the redshift of the galaxy cluster has been estimated as z = 0.29. This object is the only quasar found to reside within a galaxy cluster in which the host cluster does not exhibit any traces of continuing or past cluster mergers. Possibly this quasar is on the periphery of that cluster, but in the line of sight. 12 quasars (about 20 per cent of the sample) have been found between two close galaxy clusters/subclusters with comparable redshifts, suggesting that they could have formed at the confluence of merging clusters/subclusters (see Fig. 13 for examples). Most of these quasars are classified as residing in a galaxy cluster. Considering also the 10 quasars found in galaxy clusters (d proj < 1 h −1 Mpc), only three of them do not have an apparent merger companion. We cannot exclude that, in these three cases, the merging components are already too close to be detected as two clusters, or that merger is taking place in the line of sight. Two of the three clusters are very extended and the distribution of the red galaxies is discontinuous, suggesting multiple galaxy populations. In the third case the host cluster has a compact appearance and, as outlined before, the quasar could actually reside on the periphery of the cluster but in the line of sight. This behaviour suggests that essentially all quasars found in rich environments could have formed at the confluence of merging clusters.
There is a strong drop in the occurrence of quasars with more than 3 h −1 Mpc distance to the centre of the nearest cluster. The 22 quasars (∼36 per cent) found to lie at projected distance >3 h −1 Mpc to a cluster centre could possibly belong to a second population of RQQs not formed under the influence from galaxy clusters. They could, however, also be explained by incompleteness of the cluster sample. The cluster sample has been assessed to be complete to z ∼ 0.18 and over 60 per cent complete at z = 0.3. None of the isolated quasars has z < 0.19 and their numbers increase with redshift. In the SSS the areas affected by the diffraction patterns from bright stars have been removed, leaving in many cases empty circles ∼15 arcmin across. Visual assessment of the regions around all quasars has shown that in many cases, where no close galaxy clusters have been found, multiple bright stars have been removed. We made one further test. In field number 4, there are four quasars occupying a small area (∼0.2 deg 2 ) without any close galaxy cluster being detected. The region is covered by the released data from the Sloan Digital Sky Survey (SDSS; Stoughton et al. 2002) providing us with data in the u , g , r , i and z passbands. The same cluster-finding routine has been applied to the g -r colour in the SDSS data, producing a list Table 1 . N q is the number of quasars in the set, and N c is the number of galaxy clusters tracing the LSS in the corresponding redshift interval. P q is the significance level at which the null hypothesis can be rejected that quasars are distributed independently of the LSS in clusters, and P NELG is its counterpart for NELGs. We have tested for a luminosity dependence of our results, or dependence from the spectral classification (e.g. Seyfert 2s), but none has been found in (Fig. 14) the magnitude range −23 < M V < −19. The three quasars with M V < −23 have projected distances <3 h −1 Mpc, but no inferences can be drawn for this magnitude range.
D I S C U S S I O N A N D C O N C L U S I O N S
Quasars are potentially privileged objects for probing the cosmological models, because they are relatively easily detected in large numbers across a very wide range of redshifts. However, currently, quasar counts provide only very weak constraints on the cosmological models because of the limited understanding of the quasar formation mechanisms and evolution. The fundamental data in prompting models of quasar formation and fuelling are: (i) the dependence of the luminosity function on redshift; (ii) the quasar environment and its dependence on redshift and luminosity. The first of these is quite well specified, while the second, environment, can range from studies of the host galaxies to the superclusters where they lie. The emphasis in this paper is on the latter category, concentrating on the environment at the largest scales of clusters and superclusters. This approach, first suggested by Söchting et al. (2001) , allows us to specify the quasar environment with respect to major density enhancements. Two principal groups of mechanisms have been proposed for the formation of quasars: (i) collapse of gas clouds, leading to the formation of a supermassive black hole and its fuelling; (ii) galaxy mergers and interactions, leading to the formation of a supermassive black hole from coalescence and its fuelling. The accumulated observational evidence, such as distorted morphologies of the host galaxies (Disney et al. 1995; Bahcall et al. 1997; Boyce et al. 1998; Hutchings et al. 1999) , their large luminosities (Carballo et al. 1998 ) and their spectra (Nolan et al. 2001) , indicates that interaction/merging processes play the strongest role in the origin and fuelling process of the nuclear activity. The interaction/merging processes include major galaxy mergers, accretion of small gas-rich satellites, tidal interactions between galaxies and the accretion of gas cooling flows. There is a quasar formation and fuelling model based on each of Figure 12 . The cluster environment of the quasar (asterisk at coordinates 0,0) in field number 4 and redshift z = 0.299, which has the smallest projected distance to the cluster centre. The red galaxies (triangles) have been used to estimate the redshift of the cluster (z = 0.29) and determine its boundary (solid line). The density distribution of all galaxies (contours) exhibits prominent peaks (dark areas) outside the galaxy cluster, which demonstrates the importance of the discrimination by colour slicing. these processes, but the observational assessment of their relative contributions poses a challenge.
Assuming that multiple quasar formation mechanisms coexist, the environments of quasars can give us some clues about their relative contributions. In this study, we find that fewer than 37 per cent of quasars can be found in isolated environments, required by the hot-gas model proposed by Nulsen & Fabian (2000) . In this model, quasar formation coincides with formation of an isolated galaxy, where the black hole grows exponentially and is fuelled by the accretion of hot gas during the galaxy formation. This model cannot account for the fact that quasars trace the LSS, because the formation of an isolated galaxy could take place at any location but in the galaxy clusters. The resulting distribution of the quasars with respect to the LSS would correspond to that of random galaxies, which has been found in our investigation to be not the case. There are further arguments against the hot-gas model at least as the only formation mechanism of quasars. In the literature, the majority of the studied host galaxies exhibit morphologies and high luminosities incompatible with newly formed isolated galaxies. Furthermore the model fails to produce high-luminosity quasars at z 2, mainly because of the time needed for the black holes to grow (Nulsen & Fabian 2000) . Also, it overproduces quasars compared with the observed luminosity function but it reproduces the X-ray background, thus requiring that ∼90 per cent of quasars are obscured (Nulsen & Fabian 2000) . We have tested if the isolated environment could be an artefact of the magnitude/quality limitations of our data. Reinvestigation of the environments of four quasars using SDSS data has shown, in all four cases, close galaxy clusters which had not been detected in the SSS data. This result makes the hot-gas model, in its original form, a rather unlikely source of low-z quasars, but does not exclude its increasing importance at higher redshifts.
About 20 per cent of the investigated quasars inhabit regions between two possibly merging clusters. As outlined in the previous Figure 13 . Two examples of quasars found between multiple possibly merging clusters. The contours indicate the density of galaxies; the polygons outline the boundaries of galaxy clusters at comparable redshifts to those of the quasars (asterisks at coordinates 0, 0); triangles indicate the galaxies found to be members of the clusters. The first quasar (top illustration) is in field number 1, has z = 0.185 and resides between two clusters at estimated redshifts of z est = 0.17 (top) and z est = 0.22 (bottom). The second quasar (bottom illustration) is in field number 3, has redshift z = 0.142 and resides between two clusters at estimated redshifts of z est = 0.11 (top) and z est = 0.11 (bottom).
section, we can conclude that most, or perhaps even all, quasars found within 1 h −1 Mpc of the cluster centre have been formed at the confluence of a cluster merger. Söchting et al. (2002) proposed that the environment of merging clusters could enable quasars to form in galaxy-gas interactions, a mechanism which can be considered as a derivative of the hot-gas model with the difference that the hot gas is not accreted into the protogalaxy but into a cluster galaxy under the influence of the cluster merger.
There are further models, for which at least some of their environmental predictions are met in a cluster merger. Kauffmann & Haehnelt (2000) proposed major mergers as a formation mechanism. This model predicts that quasars form in major mergers of galaxies of similar mass, thus linking quasar formation with spheroid formation. The mergers form supermassive black holes from coalescence of pre-existing black holes, and gas is driven inwards to fuel them. In the very dense environment of merging clusters, the probability of a galaxy-galaxy collision would increase, but the high relative velocities would reduce the efficiency of the galaxies merging. Nevertheless, one of the most luminous quasars in our sample (J101454.9+003337, also quoted in the literature as J1028+0008), which has been found in a cluster-merger environment, has been reported to have a very large elliptical host galaxy with strong indications of a major galaxy merger (McLure et al. 1999 ). Because we are dealing with a single object, no definite conclusions can be drawn about the relative importance of major mergers as a quasar formation mechanism in the very rich environments of merging clusters. The major-merger model predicts a very massive elliptical host galaxy, but fainter quasars are found in spiral as well as elliptical hosts (McLure et al. 1999) , which suggests that the major-merger model is appropriate for luminous quasars, but not for Seyferts and other low-level AGN (Kauffmann & Haehnelt 2002) . The majormerger model has been discounted as the only formation mechanism by some other authors. Cattaneo (2001) finds that the single mechanism of major mergers cannot explain the decline of quasar density with epoch and cannot account for the brightest quasars, and consequently supports fuelling by hot gas as a further mechanism of formation. Lake, Katz & Moore (1998) also point out that the lack of association of high quasar luminosity with high host-galaxy luminosity is evidence against the preponderance of major mergers. Nevertheless, the last argument is challenged by the findings of Hamilton, Casertano & Turnshek (2002) that quasar host galaxies span a narrow range of luminosities and are exceptionally bright, much more so than normal galaxies. Lake et al. (1998) propose that quasars arise from galaxy harassment, in which quasars in low-luminosity host galaxies are fuelled because of harassment by other galaxies in rich cluster environments. Galaxy harassment occurs in clusters where the impact velocities of the galaxies are too high for merging. Their modelling assumes Coma-like clusters, which, of course, are not typical, and it does not incorporate star formation, which is an alternative to active Table 4 . The details of the 60 quasars comprising the sample used for investigation of the cluster environments of quasars. The RA and Dec. coordinates mark the position of the quasar in Fig. 10; d nuclei for the consumption of gas. Lake et al. imply that harassment might lead to quasars being preferentially located in the outer parts of clusters, which is clearly of relevance to our result that quasars tend to prefer the peripheries. The predictions of this model are best satisfied on the cluster periphery (1-3 h −1 Mpc), with cluster mergers not being excluded as a possible site. Around 47 per cent of the quasars in our sample occupy the cluster peripheries, giving some estimate of the relative significance that the galaxy harassment model could have for quasar formation at low redshifts.
These results put the studies of the richness of the quasar environments in a new light, showing that quasars found in rich environments could have formed in cluster mergers whereas those in poorer environments could have been triggered by the infall towards a galaxy cluster. Depending on the distances and masses of the closest galaxy clusters, the richness of the environments of quasars would be expected to exhibit strong variations, making quasars, on small scales, poor tracers of the mass peaks. Results from the literature place quasars in environments with a very wide range of richness (see the introductory section), giving indirect but strong support for our results. We have detected no relation between the optical luminosity of a quasar and its projected distance to the centre of the closest galaxy cluster, which leads to the same conclusion as the richness studies (Finn, Impey & Hooper 2001) , that there is no correlation between the density of the environment and the optical luminosity of quasars.
We have shown that low-z quasars are very good tracers of the LSS in galaxy clusters on scales of superclusters. The spatial distribution of the quasar groupings clearly outlines the spatial extent of the underlying superclusters.
The above results, showing that quasars follow a narrow channel of width ∼10 h −1 Mpc around the LSS in clusters, have the potential, if they apply to quasars at higher redshifts, to explain the clustering on scales 10 h −1 Mpc found by Croom et al. (2001b) , Shanks & Boyle (1994) , Shanks, Boyle & Peterson (1988) and Shanks et al. (1987) . This clustering has often been described in terms of an excess of quasar pairs compared with a random distribution. Given that the LSS in clusters is clearly filamentary, and that the quasars are constrained to follow it, the spatial distribution of quasars, when analysed with the isotropic two-point correlation function, will reveal the characteristic ∼10 h −1 Mpc width of the channel. Thus, this small-scale clustering is, as has been suspected for many years, likely to be also an (indirect) indicator of the mechanisms of quasar formation.
We should emphasize that the quasars in our sample have z < 0.3 and are predominantly of low luminosity. We can expect that the relative frequency of the different environments and the dominant mechanisms of formation will be functions of both luminosity and redshift. Most of the objects in our sample are in the luminosity range of Seyfert galaxies, presumably involving mainly spiral hosts, whereas samples at higher redshifts will be of higher luminosity, presumably involving mainly elliptical hosts. Thus, we cannot necessarily extrapolate our results on the relative frequencies of cluster-periphery and cluster-merger-like environments to substantially higher redshifts, although, from the few cases of appropriately wide-field and ultra-deep imaging, there certainly are some qualitative similarities (e.g. the quasar at z = 1.226 discussed by Haines et al. 2001) . Given that luminous quasars are found almost exclusively in elliptical hosts (McLure et al. 1999) and that ellipticals occupy denser environments (the morphology-density relation; Dressler 1980), we might anticipate an increasing importance of cluster-merger-like environments at higher redshifts.
Future work will include testing our conclusions by studying the morphologies of the host galaxies as a function of their galaxy cluster environment. This additional information may enable us to establish the preferred formation mechanisms on the cluster periphery and at the confluence of cluster mergers. The determination of the evolution of the cluster environment with redshift will allow us to derive the evolution with redshift of the relative importance of the different quasar formation mechanisms to z ∼0.8, which is the redshift limit of our cluster sample found in the Faint Sky Variability Survey (Groot et al. 2003 ) using the method described here.
If the Great Wall is to some extent a local counterpart of the LSS observed at z ∼0.3, we may assume that the AGN that trace the Great Wall are quasars in their final stages that were formed by mechanisms connected to the environment of its superclusters. If the AGN that trace the Great Wall are not biased (for example, are selected by their X-ray emission) then their morphology should give us information about the host galaxies of the z ∼0.3 quasars. A predominance of low-luminosity disc galaxies would argue in favour of the dominance of the galaxy harassment mechanism for the formation of z ∼ 0.3 quasars.
